Formation of Raman Scattering Wings around H alpha, H beta and Pa alpha
  in Active Galactic Nuclei by Chang, Seok-Jun et al.
ar
X
iv
:1
51
0.
03
54
8v
1 
 [a
str
o-
ph
.G
A]
  1
3 O
ct 
20
15
Draft version Oct 13, 2015
Preprint typeset using LATEX style emulateapj v. 5/2/11
FORMATION OF RAMAN SCATTERING WINGS AROUND Hα, Hβ AND PAα IN ACTIVE GALACTIC
NUCLEI
Seok-Jun Chang1, Jeong-Eun Heo1, Francesco Di Mille2, Rodolfo Angeloni3, Tali Palma4,5, and Hee-Won Lee1
Draft version Oct 13, 2015
ABSTRACT
Powered by a supermassive black hole with an accretion disk, the spectra of active galactic nuclei
(AGNs) are characterized by prominent emission lines including Balmer lines. The unification schemes
of AGNs require the existence of a thick molecular torus that may hide the broad emission line region
from the view of observers near the equatorial direction. In this configuration, one may expect that
the far UV radiation from the central engine can be Raman scattered by neutral hydrogen to reappear
around Balmer and Paschen emission lines which can be identified with broad wings. We produce
Hα, Hβ and Paα wings using a Monte Carlo technique to investigate their properties. The neutral
scattering region is assumed to be a cylindrical torus specified by the inner and outer radii and the
height. While the covering factor of the scattering region affects the overall strengths of the wings,
the wing widths are primarily dependent on the neutral hydrogen column density NHI being roughly
proportional to N
1/2
HI . In particular, with NHI = 10
23 cm−2 the Hα wings typically show a width
∼ 2 × 104 km s−1. We also find that Hα and Paα wing profiles are asymmetric with the red part
stronger than the blue part and an opposite behavior is seen for Hβ wings.
Subject headings: radiative transfer – scattering – active galactic nuclei
1. INTRODUCTION
Active galactic nuclei (AGNs) are known to be pow-
ered by a supermassive black hole with an accretion disk.
The spectra of AGNs are characterized by a nonthermal
featureless continuum with prominent emission lines ex-
hibiting a large range of ionization and excitation (e.g.,
Peterson 1997). One classification of AGNs can be made
based on the width of emission lines. Type 1 AGNs
show broad permitted lines and semi-forbidden lines with
a typical width of 5, 000 km s−1. In addition to these
broad emission lines they also show narrow forbidden
lines with a width ∼ 500 km s−1. In contrast to this,
type 2 AGNs exhibit only narrow emission lines encom-
passing both permitted and forbidden lines.
Blandford & McKee (1982) proposed that the loca-
tion of the broad line region can be observationally con-
strained by monitoring the flux of emission lines that
vary in response to the changes of continuum flux. The
time delay is directly translated into the size of the
broad emission line region, which is also used to esti-
mate the mass of the black hole (e.g., Bentz et al. 2009;
Park et al. 2012). The reverberation mapping shows
that the broad emission line region is located within
∼ 0.1 pc from the central engine, whereas the narrow
emission lines do not exhibit flux variations correlated
with the neighboring continuum (e.g., Peterson 1993;
Dietrich et al. 2012). A typical AGN unification model
proposes that an optically and geometrically thick com-
ponent resides between the broad emission line region
and the narrow emission line region, hindering the ob-
servers in the equatorial direction from viewing the broad
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line region.
Spectropolarimetry can be an efficient tool to verify
this unification scheme, because we expect the broad
emission lines may be seen in the polarized spectra in
the presence of a scattering medium in the polar direc-
tion (e.g., Antonucci 1993). The prototypical type 2
Seyfert galaxy, NGC 1068, shows broad Balmer lines in
the polarized flux (e.g., Antonucci & Miller 1985). A
similar observation was made for the narrow line radio
galaxy Cyg A by Ogle et al. (1997), in which an ex-
tremely broad Hα line was found in the polarized flux.
Broad absorption line quasars (BALQs), constituting
about 10 percent of quasars, exhibit broad absorption
troughs in the blue part of permitted broad lines. The
exact nature of the absorbing media being controversial,
one suggestion is that broad absorption lines are formed
in the equatorial outflow that is driven radiatively by
quasar luminosity (e.g., Murray & Chiang 1995). In this
case the broad troughs will not be completely black but
filled partially by photons resonantly scattered in other
lines of sight (e.q., Lee & Blandford 1997). Spectropo-
larimetry is also applied to find polarized residual fluxes
in the broad absorption troughs in a number of BALQs
(e.g., Cohen et al. 1995).
In the presence of an optically thick component, it
is expected that far UV radiation can be inelastically
scattered by neutral hydrogen, which may result in scat-
tered radiation in the visible and IR regions. Raman
scattering by atomic hydrogen was first introduced by
Schmid (1989), when he identified the broad features
around 6825 A˚ and 7082 A˚. These mysterious broad fea-
tures are found in about half of symbiotic stars, wide
binary systems consisting of an active white dwarf and a
mass losing giant (e.q., Kenyon 1986). The broad 6825
and 7082 emission features are formed through Raman
scattering of O VIλλ1032 and 1038, when the scatter-
ing hydrogen atom in the ground state before incidence
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finally de-excites to the 2s state.
The cross sections of Raman scattering for O VIλλ1032
and 1038 are 6.6σTh and 2.0σTh, respectively, where
σTh = 0.665×10−24 cm2 is the Thomson scattering cross
section. Due to the small scattering cross section, the op-
eration of Raman scattering by atomic hydrogen requires
a large amount of neutral hydrogen that is illuminated by
the far UV emission source. However, the cross section
increases sharply as the incident wavelength approaches
those of Lyman series transition of hydrogen due to res-
onance.
The energy conservation requires the wavelength λo
of the Raman scattered radiation to be related to the
incident wavelength λi by
λ−1o = λ
−1
i − λ−1α , (1)
where λα is the wavelength of Lyα. This relation imme-
diately leads to the following
∆λo
λo
=
λo
λi
∆λi
λi
, (2)
which dictates that the Raman features have a large
width broadened by the factor λo/λi. In the case of
Raman scattering of O VIλ1032, λo/λi ≃ 6.6 which ex-
plains the abnormally broad width exhibited in the Ra-
man O VIλ6825 feature.
In a similar way, Raman scattering of continuum pho-
tons in the vicinity of Lyβ may form broad features
around Hα. This mechanism has been invoked to explain
broad Hα wings prevalent in symbiotic stars (Lee 2000;
Yoo et al. 2002). Lee & Yun (1998) also discussed po-
larized Hα through Raman scattering in active galactic
nuclei, where neutral regions may be thicker than those
found in symbiotic stars.
The next section provides summary of the atomic
physics involving Raman scattering by atomic hydrogen.
Subsequently we provide our model for computation of
broad Balmer and Paschen wings with our simulated re-
sults. A brief discussion is provided before conclusion.
2. ATOMIC PHYSICS OF RAMAN SCATTERING BY H I
The exact nature of the thick absorbing component
surrounding the broad emission line region in AGNs is
still controversial. X-ray observation can be an excellent
tool to probe the physical properties of the intrinsic ab-
sorber in AGNs. One such study performed using Suzaku
by Chiang et al. (2013) reported the column density of
hydrogen NHI ∼ 5 × 1023 cm−2 in the type 2 quasar
IRAS 09104+4109. In the presence of this thick neu-
tral hydrogen, the Rayleigh and Raman scattering opti-
cal depth for radiation in the vicinity Lyman series can
be quite significant.
The scattering of light by an atomic electron is de-
scribed by the second order time dependent perturba-
tion theory. We consider an incident photon with angu-
lar frequency ω with the polarization vector ǫα scattered
by an electron in the initial state A, which subsequently
de-excites to the final state B accompanied by the emis-
sion of an outgoing photon with angular frequency ω′
with polarization vector ǫα
′
. The energy conservation
requires that the difference of the photon energy
~(ω − ω′) = EB − EA, (3)
where EA and EB are the energy of the initial and final
states A and B, respectively.
Depending on the sign of EB − EA, the emergent Ra-
man lines are classified into Stokes and anti-Stokes lines.
When EB −EA > 0, we have a Stokes line, which is less
energetic than the incident radiation. If EB − EA < 0,
then the transition corresponds to an anti-Stokes line. In
this work, all the transitions correspond to Stokes lines.
In this work, no consideration is made of the polar-
ization of Raman wings, which is deferred to a future
work.
The cross section for this interaction is given by the
Kramers-Heisenberg formula
dσ
dΩ
= r20
(
ω′
ω
) ∣∣∣δABǫα · ǫα′
− 1
me~
∑
I
(
(p · ǫ(α′))BI(p · ǫ(α))IA
ωIA − ω
− (p · ǫ
(α))BI(p · ǫ(α′))IA
ωIA + ω′
)∣∣∣∣∣
2
, (4)
where ωIA = ωI − ωA = (EI − EA)/~ is the angular
frequency corresponding to the intermediate state I and
the initial state A (e.g. Sakurai 1967). The intermediate
state I covers all the bound states np and free states
n′p, where n′ is the positive real number. Here, r0 =
e2/(mec
2) = 2.82 × 10−13 cm is the classical electron
radius with me and e being the electron mass and charge.
Note that the summation in the formula consists of a
summation over infinitely many np states and an integral
over continuous free states n′p. Adopting the atomic
units where ~ = e = me = 1, we note that
En = ωn = − 1
2n2
(5)
for a bound state np and
E′n = ωn′ =
1
2n′2
(6)
for a free state n′p.
In this work, we make no consideration on the polar-
ization of Raman wings, which is deferred to a future
work. The averaging over the solid angle and polariza-
tion states yields a numerical factor of 8pi/3, leading to
the Thomson cross section σTh = 8pir
2
0/3. In the case
of Rayleigh scattering, for which the initial and the final
states are the same, the cross section can be re-written
as
σRay(ω)=σTh
∣∣∣∣∣
∑
I
(
ω < p >IA< p >AI
ωIA − ω
− ω < p >IA< p >AI
ωIA + ω
)∣∣∣∣
2
(7)
(e.g. Sakurai 1967, Bach & Lee 2014).
The bound state radial wavefunction is written as
Rnl(r)=
2
nl+2(2l + 1)!
[
(n+ l)!
(n− l − 1)!
]1/2
(2r)le−r/n
×F (−n+ l + 1, 2l+ 2, 2r/n), (8)
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where F (α, β, z) is the hypergeometric function defined
by
F (α, β, z) = 1 +
α
β
z
1!
+
α(α + 1)
β(β + 1)
z2
2!
+ · · · . (9)
For a free state |n′l >, the radial wavefunction is written
as
Rn′l(r) =
2n′1/2
[1− e−2pin′ ]1/2(2l + 1)!
l∏
s=1
(
1 +
s2
n′2
)1/2
×(2r)le−ir/n′F (in′ + l + 1, 2l+ 2, 2ir/n′) (10)
with the normalization condition∫
∞
0
Rn′l(r)Rn′′l(r)r
2dr = δ(n′ − n′′) (11)
(e.g. Bethe & Salpeter 1957, Saslow & Mills 1969).
With these expressions of the radial wavefunctions the
explicit expression for relevant matrix elements between
the 1s state and an np bound state is given by
< np|p|1s >= −i
[
26n3(n− 1)2n−3
(n+ 1)2n+3
]1/2
. (12)
Between a free n′p state and the ground 1s state the
matrix element is given by
< n′p|p|1s >= −i
[
26n′3(1− e−2pin′)1/2
(n′2 + 1)3e2n′ tan−1(1/n′)
]1/2
. (13)
In the case of Raman scattering where A 6= B, the Kro-
necker delta term vanishes in Eq.(4) leaving the two sum-
mation terms which contribute to the cross section. The
relevant matrix elements are < np|p|2s >,< np|p|3s >
and < np|p|3d > and their free state counterparts, which
are listed in Table 1.
The total scattering cross section σtot is given by the
sum of the Rayleigh and Raman scattering cross sections.
The number of Raman scattering branching channels dif-
fers depending on the frequency of the incident photon.
For example, the final states of H I for incident photons
blueward of Lyβ may include 1s, 2s, 3s and 3d states,
whereas only 1s and 2s states can be the final state for
those redward of Lyβ and blueward of Lyα.
In Fig. 1, we show the total scattering cross section
σtot by a dotted line. We also show the branching ratio
into 2s by a thick solid line and the branching ratio into
n = 3 states yielding Paα wings by a thin gray line. We
define the Doppler velocity factor ∆V1 around Lyβ by
∆V1 =
λ− λβ
λβ
c (14)
where λβ is the wavelength of Lyβ. In terms of
∆V1 we find the total scattering cross section exceed-
ing 10−22 cm2 in the range −1, 264 km s−1 < ∆V1 <
+930 km s−1. As Lee (2013) pointed out the total cross
section is stronger in the blue side than the red side
around Lyβ. The range of ∆V1 corresponding to σtot ≥
10−23 cm2 is −4, 162 km s−1 < ∆V1 < +2, 805 km s−1.
In a similar way, we introduce the Doppler factor ∆V2
defined as
∆V2 =
λ− λγ
λγ
c (15)
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Fig. 1.— Total scattering cross section and branching ratios
around Lyβ (upper panel) and Lyγ (lower panel). The solid lines
are the sum of cross sections of Rayleigh scattering and Raman
scattering. The dotted lines are the branching ratio of scattering
into the 2s state and the thin gray line shows the branching ratio
into the n = 3 levels. Note that for λ ≥ 974.48 A˚ the branching
ratio into n = 3 is larger than that into n = 2.
where λγ is the wavelength of Lyγ. For radiation in the
vicinity of Lyγ the velocity range for σtot ≥ 10−22 cm2 is
given by −553 km s−1 < ∆V2 < 281 km s−1. When we
increase the column density to NHI = 10
23 cm−2, the ve-
locity range corresponding to the total optical depths ex-
ceeding unity is −1, 809 km s−1 < ∆V2 < +934 km s−1.
In the vicinity of Lyγ, the total cross sections are also
asymmetric showing larger values in the blue part than
in the red part. This trend is similar to that around Lyβ.
Furthermore, the branching ratio of scattering into the
2s state is also increasing as a function of the wavelength.
In particular, the branching ratio into n = 3 in Fig. 1 is
larger than that into n = 2 for λ ≥ 974.48 A˚. This im-
plies that in the red part of Lyγ with incident wavelength
λ ≥ 974.48 A˚ we expect more Raman scattered photons
redward of Paα than those redward of Hβ.
In Table 2 we summarize these values for neutral col-
umn densities ranging from 1022 cm−2 to 1024 cm−2. As
is shown in the table, the velocity widths are significantly
larger around Lyβ than around Lyγ. The Raman wing
width is obtained roughly from this width in the par-
ent wavelength space multiplied by the numerical factor
(λo/λi)
2 due to the inelasticity of scattering. The latter
factor is the largest for Paα wings and smallest for Hβ
wings. From this we may expect that the extent of Hβ
wings will be much smaller than that of Paα wings. The
branching ratio into n = 3 states being comparable to
that into n = 2 around Lyγ, the Paα wings will be much
broader but shallower than the Hβ counterparts.
The total scattering optical depth of unity for NHI =
1023 cm−2 is obtained for incident radiation with wave-
lengths λβ1 = 1011.83 A˚, λβ2 = 1035.69 A˚ around Lyβ.
These photons are Raman scattered to appear at 6047 A˚,
and 7012 A˚ around Hα.
In a similar way, we have the total scattering opti-
cal depth of unity at λγ1 = 966.99 A˚, λγ2 = 975.90 A˚
around Lyγ, for which Raman scattered features reap-
pear at 4735 A˚ and 4956 A˚ around Hβ and at 16890 A˚
and 20090 A˚ around Paα.
3. MONTE CARLO RADIATIVE TRANSFER
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TABLE 1
Matrix elements of the momentum operator p in atomic units.
Matrix Element
< 2s|p|np > = −i32√2n3/2(n2 − 1)1/2(n2 − 4)−2[(n− 2)/(n + 2)]n
< 2s|p|n′p > = −i32√2n′3/2(n′2 + 1)1/2(n′2 + 4)−2(1− e−2pin′ )−1/2e−2n′ tan−1(2/n′)
< 3s|p|np > = −i24√3n3/2(n2 − 1)1/2(17n2 − 27)(n2 − 9)−3[(n− 3)/(n + 3)]n
< 3s|p|n′p > = −i24√3n′3/2(1 + n′2)1/2(7n′2 + 27)(1 − e−2pin′ )−1/2(n′2 + 9)−3e−2n′ tan−1(3/n′)
< 3d|p|np > = −i96√3n11/2(n2 − 1)1/2(n2 − 9)−3[(n− 3)/(n + 3)]n
< 3d|p|n′p > = −i96√3n′11/2(1 + n′2)1/2(1− e−2pin′ )−1/2(n′2 + 9)−3e−2n′ tan−1(3/n′)
NHI λ1 ∆V1 λ2 ∆V2
[cm−2] [ A˚] [km s−1] [ A˚] [km s−1]
1022 1021.75, 1029.27 −1264, +930 971.07, 973.78 −553, +281
1022.5 1018.37, 1031.76 −2253, +1657 969.74, 974.62 −960, +539
1023 1011.83, 1035.69 −4162, +2805 966.99, 975.90 −1809, +934
1023.5 1000.30, 1041.51 −7530, +4506 961.69, 977.75 −3443, +1505
1024 987.68, 1050.29 −11218, +7069 956.14, 980.74 −5151, +2427
TABLE 2
Wavelengths and the corresponding Doppler factors having a unit total scattering optical depth for various values of
neutral hydrogen column density NHI. The two values of λ1 and those of λ2 are wavelengths around Lyβ and Lyγ,
respectively. The Doppler factors ∆V1 and ∆V2 are defined by Eq. (14) and Eq. (15), respectively.
We consider a neutral scattering region as a finite cylin-
der characterized by the thickness and the height. The
symmetry axis is chosen to be z axis and the AGN con-
tinuum source is assumed to reside at the center of the
coordinate system.
The AGN continuum is known to be nonthermal and
typically approximated by a power law (e.g., Zheng al.
1997; Vanden Berk et al. 2001). It also appears that far
UV continuum spectrum around Lyβ and Lyγ is almost
flat in many AGNs. In this respect the continuum con-
sidered in this work is described by
λFλ = λ0F0
(
λ
λ0
)α
, (16)
where the spectral index α is set to zero in this work, and
λ0 is a characteristic wavelength in this spectral region.
Spectropolarimetry of the prototypical Seyfert 2
galaxy NGC 1068 performed by Antonucci & Miller
(1985) shows that Hβ appears broad in the polarized
flux. This implies that NGC 1068 possesses the broad
line region that is hidden from the observer’s line of sight
by an optically thick torus-like region. Almost constant
position angle in the polarized flux is consistent with the
scattering region located in the polar direction with re-
spect to the central engine.
In performing our simulations it is assumed that the
far UV incident radiation does not affect the physical
and chemical conditions of the neutral scattering re-
gion. With this assumption, the Rayleigh-Raman radia-
tive transfer of far UV continuum can be divided cocep-
tually into radiative transfer of each individual photon
with a definite frequency that constitutes the whole far
UV continuum.
Compared with usual Raman spectroscopy performed
in a lab with a monochromatic laser with a definite po-
larization state, our simulation of Raman scattering by
atomic hydrogen in AGN differs mainly in our neglect of
polarization. As far as no measurement is made of the
polarization of the final emergent photon, the radiative
transfer using Eq. (7) for unpolarized light is equivalent
to obtaining the total number flux of Raman scattered ra-
Fig. 2.— Scattering geometry of AGNs, where the neutral scat-
tering region is considered to be a cylindrical torus with Ri, Ro
and H being the inner radius, outer radius and the height.
diation from simulations that take a full consideration of
polarization. With these limitations noted, we simulate
the Raman wing formation by injecting an unpolarized
individual photon with a definite frequency. The number
of these photons is determined in an accordance of AGN
comtinuum spectrum.
Additional information regarding the existence of the
optically thick component can be obtained from studies
of X-ray hardness of AGNs. Because soft X-rays suffer
more severe extinction than hard X-rays, type 2 AGNs
tend to exhibit larger X-ray hardness than type 1 AGNs.
X-ray studies show that the optically thick component
is characterized by a hydrogen column density ranging
1022−24 cm−2.
In this work we place an optically thick component in
the form of a cylindrical torus with a finite height, which
is schematically shown in Fig. 2. This torus is specified
by the inner radiusRi, the outer radiusRo and the height
H . For the sake of simplicity, we fix the thickness of the
torus ∆R = Ro − Ri = 10 pc and we assume that the
number density of neutral hydrogen nHI is uniform in the
scattering region. In this case, the scattering region can
be specified by the lateral column density NHI = nHI∆R.
The height H is parameterized by A = H/∆R, the ratio
of the height and the thickness ∆R. In this work, we
vary A between 0.5 and 2 and also consider NHI in the
range 1022−24 cm−2.
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The Monte Carlo simulation starts with the generation
of a far UV continuum photon from the central engine,
which subsequently enters the scattering region. The
wavelength of the incident photon is determined in accor-
dance with the power law of the AGN continuum given
in Eq. (16). For this wavelength we rescale the scattering
geometry in terms of the total scattering optical depths
τR = σ(λ)nHI∆R and τH = σ(λ)nHIH .
To determine the first scattering site we compute the
optical depth τ for this photon given by
τ = − lnR, (17)
where R is a random number uniformly distributed in
the interval [0,1].
According to the branching ratio we determine the
scattering type. If the scattering is Rayleigh, then we
look for the next scattering site by taking another step
given by Eq. (17). If the branching is into n = 2 or n = 3
states, then we have a Raman scattered photon which is
supposed to escape from the region immediately. Both
Rayleigh scattering and Raman scattering share the scat-
tering phase function which is also identical with that of
the Thomson scattering and therefore we choose the di-
rection of the scattered photon in accordance with the
Thomson phase function (e.g., Yoo et al. 2002; Schmid
1989; Nussbaumer et al. 1989).
The collection of Raman scattered photons emergent
from the neutral region is made by taking into consid-
eration the difference between the observed wavelength
space and the parent far UV wavelength space. The Ra-
man wavelength interval ∆λo corresponding to a fixed
wavelength interval ∆λi of the incident radiation varies
with λi in accordance with Eq. (2). In terms of λi this
relation can be recast in the form
wλo(λi) =
∆λi
∆λo
=
(
1− λi
λα
)2
. (18)
This is the factor that relates the number flux per unit
wavelength in the parent wavelength space to that in the
observed (Raman scattered) wavelength space, which is
multiplied to the Monte Carlo simulated flux for proper
normalization.
4. MONTE CARLO SIMULATED RAMAN WINGS
4.1. Balmer and Paschen Wings Formed through
Raman Scattering
In Fig. 3, we show the Monte Carlo simulated wings
around Hα, Hβ and Paα formed through Raman scat-
tering of far UV radiation from the central engine. The
parameters associated with the scattering region are
∆R = 10 pc and H = ∞, so that the far UV source
is immersed at the center of a cylinder with an infinite
height. This choice of H = ∞ allows us to study the
basic properties of Raman wings without complicating
effects due to finite covering factors.
We set the neutral hydrogen column density NHI =
nHI∆R = 10
23 cm−2 in this figure. In this simulation,
104 photons are generated per parent wavelength inter-
val of 1 A˚. The horizontal axis represents the observed
wavelength. The vertical axis represents the number of
photons obtained in the simulation per unit observed
wavelength interval ∆λo.
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Fig. 3.— Monte Carlo simulated profiles of Raman scattered ra-
diation. The upper panel show the Raman scattering wings around
Hα, Hβ and Paα (upper, middle and bottom panel, respectively).
The neutral scattering region is assumed to be a slab with finite
thickness and infinite lateral dimensions. The far UV source is
located in the midplane.
The profiles of Raman scattered radiation are char-
acterized by the inclined central core part and extended
wing part that declines to zero. The inclined central part
is formed from far UV photons with the total scatter-
ing optical depth exceeding ∼ 10. Roughly speaking, all
the far UV photons within these ranges undergo multiple
Rayleigh scattering processes before being converted to
optical photons around the Balmer emission centers or
IR photons around Paα. The Raman number flux near
Hα core decreases redward due to the wavelength space
factor given in Eq. (18), which is a decreasing function of
λi. The Raman flux around Hβ shows more steeply in-
clined core part than that around Hα. This is explained
by the fact that as λi increases the number of photons
channeled into the Paα branch increases very steeply re-
ducing the Hβ flux.
However, far UV photons outside these ranges will be
scattered at most once to escape from the scattering re-
gion either as far UV photons or as Raman scattered pho-
tons. For incident far UV radiation with small scattering
optical depths the resultant wing profile will be approx-
imately proportional to the product of the total optical
depth and the branching ratio, which is in turn approxi-
mately given by the Lorentzian. As Lee (2013) pointed
out, the cross section and the branching ratios are com-
plicated functions of wavelength, for which a quantita-
tive investigation can be effectively performed adapting
a Monte Carlo technique.
In Fig. 4, we transform the same Monte Carlo data
given in Fig. 3 to the parent wavelength space in order
to check easily the fraction of Raman scattered photons
with respect to the incident radiation. The horizontal
dotted line show the incident flux taken to be 104 pho-
tons per unit wavelength interval. The top panel shows
the number of Raman scattered radiation around Hα.
The core part is flat and coincides with the incident flux,
which verifies that the Raman conversion is almost com-
plete.
The mid panel shows Raman scattered Hβ and Paα
wings by a black solid line and a gray solid line, respec-
tively. The bottom panel shows the sum of Raman scat-
tered Hβ and Paα, where we recover the flat core part
6 Chang et al.
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Fig. 4.— Monte Carlo simulated profiles of Raman scattered ra-
diation in the parent wavelength space. The horizontal dotted line
shows the incident flux taken to be 104 photons per unit wave-
length interval. The top panel shows the Raman scattered radia-
tion around Lyβ which shows flat core part because of the complete
Raman conversion of the flat incident radiation. The mid panel
shows the Raman scattered profiles that appear near Hβ (black
lines) and near Paα (gray lines) from the flat UV radiation near
Lyγ. The bottom panel shows the sum of Raman scattered fluxes
around Hβ and Paα transformed into the parent wavelength space
.
NHI ηHα ηHβ ηPaα
cm−2
1022 0.86 1.13 0.86
1022.5 0.81 1.21 0.79
1023 0.73 1.35 0.69
1023.5 0.59 1.57 0.55
1024 0.36 1.76 0.37
TABLE 3
The ratio η of the Raman photon number flux blueward
of line center to that redward of line center in Fig. 3.
coinciding with the incident radiation. This fact provides
confirmation that the Raman conversion is also complete
in the vicinity of the Lyγ core. In this figure, it can
be seen that more Paα wing photons are obtained than
Hβ wing photons for incident wavelength λ > 974.48 A˚,
where the branching ratio into n = 3 states exceeds that
into the 2s state.
4.2. Asymmetry of Raman Scattering Wings
In this subsection, we quantify the asymmetry in the
wing profiles formed through Raman scattering around
Hα, Hβ and Paα. One way to do this is to compute the
ratio η of the number of Raman photons blueward of line
center to that redward of line center. In Table 3 we show
our result.
In the case of Hα, the red wing part extends further
away from the Hα center than the blue wing, which is
clearly seen by the fact that ηHα is less than 1. This
phenomenon is mainly due to the higher branching ratio
for photons redward of Lyβ than their blue counterparts.
A similar behavior is also observed for the Paα wings due
to increasing branching ratio redward of Lyγ.
However, in the case of Hβ we note that ηHβ exceeds
unity implying that the blue wing is stronger than the red
part. This behavior is attributed to the much stronger
total cross section in the blue part than in the red part
near Lyγ, despite the slow increase of the branching ratio
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Fig. 5.— Monte Carlo simulated profiles of Raman scattered
radiation around Hα, Hβ and Paα (upper, middle and bottom
panel, respectively) for various column densities NHI ranging from
1022 cm−2 to 1023 cm−2. As NHI increases, the wing profile
broadens in roughly proportional to N
1/2
HI .
as wavelength.
Another way of investigating asymmetry is to iden-
tify the half-value locations from a reference Raman flux
value. Taking the simulated Raman flux per unit wave-
length at the Hα line center as a reference value, the half
values appear at −11, 900 km s−1 and +12, 800 km s−1.
A similar analysis for Hβ wings shows that the cor-
responding Doppler factors are −4, 330 km s−1 and
+3, 500 km s−1. Paα wings are much wider and the
Doppler factors corresponding to the half-core values are
−13, 500 km s−1 and +17, 000 km s−1.
4.3. Dependence on the Scattering Geometry
In Fig. 5, we investigate the Balmer and Paschen wings
that are simulated for various values of NHI. In this fig-
ure, we set Ri = 10 pc and H = Ro = 20 pc. We vary
the number density of H I in such a way that the neu-
tral column density NHI in the lateral direction becomes
1022, 1022.5 and 1023 cm−2.
Because the covering factor of the neutral scattering
region is fixed and the total scattering optical depth is
very large near line core, the Raman flux at line center
remains the same for various values of NHI. The primary
effect of varying NHI is the width of the Raman wings, in
that the width is roughly proportional to N
1/2
HI . As NHI
increases, the saturated part also extends further away
from the line center.
We define the width of Raman wings as the difference
of the two Doppler factors that correspond to the half
values of the Raman flux at line center. Using this def-
inition, we plot the Raman wing widths for various col-
umn densities in Fig. 6. Note that both the vertical and
the horizontal scales are logarithmic. The Monte Carlo
simulated data are shown by the dots that are fitted by
lines having a slope of 0.47. In terms of the parameter
N23 = NHI/(10
23 cm−2) the fitting lines are explicitly
written as
∆VHα=2.75× 104 N0.4723 km s−1
∆VHβ =9.12× 103 N0.4723 km s−1
∆VPaα=3.55× 104 N0.4723 km s−1. (19)
In order to investigate the effect of the covering factor
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Fig. 6.— Widths of Monte Carlo simulated Raman wings around
Hα, Hβ and Paα considered in Fig. 5. The horizontal and vertical
axes represent the column density and the wing width, respectively.
Both axes are in logarithm scale. The dots are measured values
from the Monte Carlo simulation and the fitting lines have a slope
of 0.47.
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Fig. 7.— Relative strengths of Monte Carlo simulated Raman
wings around Hα, Hβ and Paα considered in Fig. 8. The vertical
axis represents the wing strengths normalized with the Raman wing
strength for A = ∞. The solid curve shows the covering factor
f(A) = A√
4+A2
of the scattering region, whose behavior is also
characterized by linearity for small A and approaching unity as
A→∞.
of the scattering region, we vary the height H of the
scattering region with the parameters Ri = 10 pc, Ro =
20 pc and NHI = 10
23 cm−2 fixed. We show our result
in Fig. 8 for values of A = 0.5, 1, 2 and ∞.
With A ≤ 2 the wing profiles are smooth. Even though
not shown in the figure, we checked that there appears an
inclined plateau around line center in each Raman wing
for A ≥ 4, implying the saturation behavior.
As the covering factor increases, more far UV photons
are incident into the scattering region leading to stronger
Raman scattering wings. When A is small, the Raman
wing strength is approximately linearly proportional to
A. However if A exceeds 2, the wing strength increases
very slowly and approaches a limiting value. Given A we
normalize the Hα Raman wing strengths by dividing the
total number of Raman Hα wing photons by that for A =
∞. The wing strengths for Hβ and Paα are normalized
in a similar way. In Fig. 7, we plot the normalized wing
strengths for Hα, Hβ and Paα by triangles, circles and
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Fig. 8.— Monte Carlo simulated profiles of Raman scattered
radiation around Hα, Hβ and Paα (upper, middle and bottom
panel, respectively) for various covering factors. A = H/∆R is the
ratio of the height and the thickness of the cylindrical shell.
squares, respectively. Given A and NHI , the normalized
strengths are almost equal to each other for Hα, Hβ and
Paα wings. For reference, we add the solid curve to show
the covering factor of the scattering region given by
f(A) =
A√
4 +A2
. (20)
The covering factor also shows a similar behavior of lin-
earity for small A and approaching unity for large A.
Significant deviations between the normalized Raman
wing strengths and the covering factor are attributed to
complicated effects of multiple scattering and branching
channels associated with the formation of Raman wings.
4.4. Mock Spectrum around Balmer Lines
In order to assess the observational feasibility we pro-
duce a mock spectrum around Balmer lines by superpos-
ing the wing profiles onto artificially produced Hα and
Hβ broad emission lines. In Fig. 9, we show our result.
In the production of the mock spectrum we assumed that
the continuum level around Lyβ and Lyγ is given by the
fixed value of λLλ = 10
44 erg s−1 and that the contin-
uum between Hβ and Hα is given in such a way that
Lλ = 10
40 erg s−1A˚−1. We also set the luminosity dis-
tance DL = 0.3 Gpc.
With no established line profiles of the Balmer emis-
sion lines in AGNs, we take a Gaussian profile of width
5, 000 km s−1 for Hα and Hβ emission lines. We set the
equivalent widths of Hα and Hβ broad emission lines to
be 200 A˚ and 50 A˚, respectively. The scattering geome-
try is taken so that Ri = 10pc, Ro = 20pc and H = 20pc
with NHI = 5× 1023 cm−2.
In the figure the vertical scale is logarithmic and the
Raman wings are shown by gray solid lines. In the case
of Hβ, the Raman wings are inconspicuous because the
broad emission component dominates the relatively nar-
row Raman Hβ wings. However, the Raman Hα wings
are sufficiently wide to be observationally detectable. It
is an interesting possibility that type 2 AGNs may also
show detectable Raman Hβ wings, which will be seen
outside of the narrow Hβ emission line.
5. SUMMARY AND DISCUSSION
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Fig. 9.— Mock composite spectrum around Hα and Hβ with Ra-
man scattering wings. The gray line shows Raman wings generated
through a Monte Carlo simulation. The vertical scale is logarithmic
for clear view of Raman wings against prominent emission lines.
In this article we produced Raman wing profiles ex-
pected around Hα, Hβ and Paα that are formed by far
UV continuum radiation scattered in a thick neutral re-
gion surrounding the central engine. The strengths of
Raman wings are mainly determined by the product of
the covering factor and the neutral column density of
the scattering region. The wing width is approximately
proportional to N
1/2
HI . We also provide a mock spectrum
by superposing simulated Raman wings onto artificially
generated broad emission lines of Hα and Hβ.
Observationally the Raman wings are difficult to dis-
cern from the underlying continuum because of their
large width. Another issue may be that broad wings
can also be formed from Thomson scattering or hot ten-
uous fast wind that emits Balmer and Paschen line pho-
tons (Kim et al. (2007)). One distinguishing aspect of
the Raman wings is the differing widths and profiles ex-
hibited by Hα, Hβ and Paα because of the complicated
atomic physics. If the wings are formed in an emission
region moving very fast, then all the wings are expected
to show similar widths and profiles.
Another important characteristic is the linear polar-
ization because the scattering mechanism is exactly the
E-1 process, which also characterizes the Thomson scat-
tering (Trippe (2014)). Ogle et al. (1997) performed
spectropolarimetry of the prototypical narrow line ra-
dio galaxy Cyg A using the Keck II Telescope, in which
they discovered extremely broad Hα in the polarized
flux. The full width at half-maximum of polarized Hα is
26, 000 km s−1. If this huge width is attributed to dust
scattering or free electron scattering, one may need to
assume that the velocity scale of the hidden broad line
region is roughly the same value of 26, 000 km s−1. In
this case, the relativistic beaming inevitably leads to very
asymmetric profiles with the blue part much stronger
than the red part.
On the other hand, very broad features around Hα are
naturally formed through Raman scattering of far UV ra-
diation without invoking extreme kinematics in the broad
emission line region. For example, if we assume that the
central engine of Cyg A is surrounded by a cold thick re-
gion with NHI ∼ 1023 cm−2 the width of 26, 000 km s−1
can be explained. In this case, we have to assume that
the continuum around Lyγ is relatively weak compared
to that around Lyβ in order to explain no detection of the
polarized broad features around Hβ. In particular, it is
highly noticeable that Reynolds et al. (2015) proposed
a neutral column density of ∼ 1.6×1023 cm−2 from their
observations of NUSTAR of Cyg A. Despite the difficulty
in identifying the broad wings around H I emission lines
from the local continuum, they will provide important
clues to the unification model of AGNs.
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